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The deactivation of Pd/AlzOa catalysts occurring in the course of cyclopentane hydro- 
genolysis has been examined. The decay of catalytic activity can be represented by the theo- 
retical model proposed by Levenspiel [J. Catal. 25,265 (1972)]. The influence of sample weight, 
reactant pressure, and temperature can then be rationalized. The deactivation constant mea- 
sured by this procedure is found to be independent of the dispersion of palladium. Therefore 
deactivation, like hydrogenolysis of cyclopentane on palladium, is not sensitive to particle size 
effects. However, both reactions are poisoned by sulfate when the reduction is carried out at 
400°C. 

a = 

NOMENCLATURE 

activity defined as the ratio of 
the reaction rate at time t to the 

A = 
c = 
k = 

led = 

k’d = 
k, = 

reaction rate at time zero. 
gas-phase reactant. 
concentration (moles per liter). 
rate constant for the main re- 
action (hydrogenolysis) . 
rate constant for the deactivation 
reaction. 
kd x (CA)’ 

experimental rate constant of 
deactivation (slope of the linear- 
ized plot of activity as a function 
of time) 

P = order of concentration depen- 
dence of the deactivation. 
rate of reaction of A. 
weight of catalyst. 

XA = fractional conversion of A. 

-rA = 

w = 

FA” = feed rate of reactant 
t = time. 

INTRODUCTION 

1 Scholarship from “Consejo National de Ciencia y 
Tecnologia” de Mexico. 

Catalyst deactivation is an important 
factor in industrial practice and has been 
the object of renewed attention in recent 
years (1). Szepe and Levenspiel (2) de- 
veloped a general mathematical structure 
for describing the kinetics of cat,alytic 
reactions affected by deactivation, and 
Levenspiel (3) discussed the limitations of 
several types of reactors for the detcrmina- 
tion of the orders of reaction and deactiva- 
tion. Khang and Levenspiel (4) tested how 
a simple rate law of deactivation could be 
affected by the complex interaction of pore 
diffusion resistance and reaction kinetics 
on a catalyst pellet. Later, Wolf and 
Petersen (5) applied the steady-state 
approximation to analyze self-poisoning 
reactions in an effort to clarify the mecha- 
nism of poisoning. 
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Thus t’hero is already some t,hcorrtical 
basis which can be confronted with cxperi- 
mental results in order to test its validity. 
Self-poisoning of supported metallic cata- 
lysts can occur by several proccsscs, 
catalyzed tither by the metal or the 
support, and a possibility exists that 
the simplified models used in theoretical 
calculations are in contradiction with 
experimental work. A simple reaction was 
therefore needed. Hydrogenolysis of cyclo- 
pentane on palladium catalysts was chosen 
as the model reaction since a previous study 
(6) had shown that the catalytic activity 
per surface palladium atom was constant 
for Pd/A1203. This can be considered as 
good evidence that the reaction is restricted 
to the metal. 

The aspects investigated in this work are 
the kinetics of deactivation, and the 
influence of metallic dispersion and of 
poisons on deactivation. 

Catalysts. A series of palladium catalysts 
was prepared by the ion-exchange tech- 
nique (7). Alumina was contacted over- 
night. with an acidic solution of PdClz then 
filtered and dried at 110°C. 

The supports were: (i) Degussa alumina 
(grade llO”C), nonporous; surface area, 
180 m*/g ; and (ii) y-alumina prepared in 
the laboratory by calcining bayerite at 
500°C; surface area, 320 m*/g. For sulfate 
poisoning the y-alumina support was first 
impregnated by known amount’s of 
(NHJzSO.+ 

A good dispersion of palladium (90- 
100a/O) was obtained after a calcination at 
400°C in oxygen and reduction in dry 
hydrogen at 300°C. Changing the tempera- 
ture of calcination and reduction resulted 
in gradual sintering of the metallic phase, 
probably via the variation of the water 
content of the sample as proposed by 
Dalla Betta and Boudart (8). 

The metallic dispersion was measured 
by the classical Hz-02 volumetric titration 

proposed by Benson et ~1. (9). Hydrogen 
was adsorbed at 70°C under a low prcssuro 
(p < 1 Torr) to avoid dissolution in the 
bulk. Oxygen was adsorbed at room tem- 
perature. The dispersion of palladium is 
defined in the usual way as the ratio of 
the number of surface palladium atoms 
which adsorb hydrogen or oxygen to the 
total number of palladium atoms of the 
sample The results of chemisorption mca- 
surements wcrc compared with those ob- 
tained from electron microscopy determina- 
tion of the distribution of particle sizes and 
a good agreement was observed. 

Materials. Cyclopentane for spectroscopy 
(purity, =99.7%) from Merck was used 
as reactant without further purification. 

Apparatus and procedure. A continuous 
flow microrcact’or was used at low con- 
version, less than 2%, to minimize heat 
and mass transfer limit’ations. Catalytic 
activities were determined on an aliquot 
of the sample used for dispersion measure- 
ments. The sample was rcactivatcd for 1 hr 
at 300°C in flowing hydrogen. The reaction 
was pcrformcd at 290°C using a partial 
pressure of hydrocarbon of 100 Torr and 
a partial pressure of hydrogen of 660 Torr. 
The catalytic activity was mcasurcd for 3 hr 
at least at intervals of 15 min. On-stream 
gas chromatographic analysis was used. 
The sole product of hydrogenolysis in the 
gas phase was n-pcntane. 

The importance of diff usional limitations 
may be estimated by applying the criterion 
of Weisx (IO) to the experimental results. 
The highest rate of reaction at 290°C was 
8.10-7 mol/s/g, when using a partial 
pressure of cyclopentane of 100 Torr and a 
grain size of catalyst lower than lo-.’ cm. 
According to Weisz (IO), the effective 
diffusity Doff will have an approximate 
value of 10h3 cm*/sec. Taking p = 0.6 
cm3/g for the density, we can calculate 
the factor @ as : 

R*P 
Q,=--.-- 

De&A 
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QJ < 1 cnsurcs an efl’cctiveness factor close hyperbolic law first proposed by Ccrmain 
to 1, and diffusional limitations are not and Maurel (Ii), as exemplified in Fig. 1. 
important at 290°C. However, they may 
play a role at higher temperatures. 

The hyperbolic law is a particular form 
of a more general rate law proposed by 

RESULTS AND DISCUSSION Szepe and Levenspiel (2). The fundamental 
1. Kinetics of Deactivation assumption of this formalism is that 

Palladium catalysts deactivate steadily deactivation and rate laws are separable. 
at 290°C. The catalytic decay obeys the The physical meaning of that assumption 

0=40% 

W= 60 Q. 

1 I 1 I 1 b 
5 50 95 140 165 

TIME (min.) 

Fro. 1. Deactivation of some Pd/AlzOa samples plotted using the homographic law. Tempera- 
ture, 29O’C; flow rate, 0.3 cmJ/sec; pressure of cyclopentane, 100 Torr. 
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TABLI~: 1 

Influence of the Sample WeighI, ou the Slupc of the I Jewi iv&on LitW 

Sample Weight F-40 
k) ( 106. mol/s) 

AI20&?18 0.05 1.8 1.5 0.018 0.5 0.2 
0.10 1.8 1.8 0.010 0.55 0.5 

Si02-71 0.05 1.8 4.0 0.008 0.22 1.1 
0.10 1.8 4.0 0.004 0.22 2.2 

Al203-173 0.05 1.8 3.9 0.009 0.25 1.08 
0.10 1.8 3.9 0.005 0.27 2.08 
0.15 3.6 3.86 0.073 0.30 1.61 

Initial activity 
(mol/s.g of 

Pd. 105) 

ke 
2 x 103 

Percentage 
conversion 

cl 
at t = 0 

(1 Temperature, 290°C; pressure of cyclopentane, 100 Torr. 

is that coke affects the local properties but A simple calculation gives : 
has no long-range effect. 

Self-poisoning is generally represent.ed as 
a parallel reaction of hydrogenolysis, and 
therefore the formal scheme: 

n-pentane 
/” 

cyclopentane’ 
I 

coke 

can be applied. 
According to Levenspiel et al. (2, S) we 

can write: 

-rA = k’a 

for the reaction rate, and 

da 
-- = kdam(cA)P = ,dda2 

at 

for the deactivation rate, taking into 
account that the experimental results show 
that the reaction order relative to cyclo- 
pcntanc is zero and that a homographic 
decay corresponds to m = 2. 

A differential reactor at low conversion 

W CA0 - CA CA0 - CA 
-= + 
FAO kCA, 

_____. k’& 
kcA, 

the equation previously proposed by Leven- 
spiel (S) for this particular case and which 
will be applied to the experimental results. 

A plot of the reciprocal conversion 
against time gives the experimental con- 
stant of deactivation, k,, the slope of the 
homographic plot, which can therefore 
be written : 

,& = t (cA)P 2. 

One obvious consequence of this formu- 
lation is that the mass of catalyst, the 

TABLE 2 

Influence of the Partial Pressure of Cyclopentane 
on the Slope of the Deactivation Plot and Initial 
Catalytic Act,ivitya 

Partial Concentration k,. 10’ Initial k. 
pressure of reactant activity CA2 

(Torr) (mol,‘liter) (mol/s g of 
Pd. 106) 

can be considered as a well mixed reactor, 26 0.0017 8 2.33 277 
and therefore the reaction rate is : 47 0.0029 17 2.35 202 

83 0.0038 32 1.73 222 

W XA CA,, CA 
100 0.0059 88 3.00 253 

- 
-=- =--* 0 Temperature, 290°C; weight of sample, 50 mg; catalyst, 

FAO -rA k:. acAo sample 184 with 1% Pd. 
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rcaclant. pressure and the metallic area, partial pressure, are given in Table 2: k, 
which is included in lc, will influence the increases when the pressure increases, while 
observed slope of the deactivation line. the initial activity remains approximately 

The influence of the weight of sample is constant. The order relative to cyclo- 
illustrated in Table 1: k, is indeed inversely pentane is therefore zero for the reaction 
proportional to the mass, in agreement with rate, while a second order is found for 
the theoretical model. deactivation at 290°C. 

Changing the reactant pressure also The influence of temperature is more 
changes the deactivation. constant. For complex. When increasing the reaction 
pressures of cyclopentane less than 200 
Torr the homographic law fits the data 

temperature several possibilities appear : 

well. The values obtained for the experi- (a) The deactivation mechanism is not, 
mental constant k,, as a function of the changed and the homographic law is still 

I 

order 

0’ 

2nd 3rd 
SAMPLE 184 A A 

SAMPLE 252 0 . 

c 
-1 !O 

7 

15 

IO 

5 

TIME (min) 

FIG. 2. Plots of third-order and second-order deactivation law for catalyst decay at 320°C. 
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valid. In such a case it is possible to measure 
the deactivation constant and find a 
deactivation energy. The fact that log lc, vs 
reciprocal temperature yields a straight 
line can be considered as a good test of the 
internal consistence of the results. 

The apparent activation energy is 23 
kcal/mol. The activation energy found for 
hydrogenolysis is 40 kcal/mol, in good 
agreement with literature data (12) ; there- 
fore the true activation energy of the 
deactivation process can be estimated as 
63 kcal/mol. Rostrup-Nielsen (IS) reports 
an apparent activation energy for coking 
of supported nickel by n-heptane + water 
of 40 kcal/mol. 

(b) The deactivation mechanism may 
change at higher temperatures (T = 320°C) 
on the most active catalysts because of 
diffusional limitations. A third-order law in 
function of time (-da/& = kda3) is then 
observed as foreseen by Khang and 
Levenspiel (4). After a certain time 
(Fig. 2) the law shifts to a homographic 
one, which reflects the fact that the reaction 
rate is now lower than the rate of diffusion. 

The model proposed by Lcvcnspiel is 
therefore in good agreement with the 
experimental results obtained on that 
catalytic system. A consequence of this 

conclusion is that it appears possible to 
measure a rate constant of deactivation 
which will be characteristic of that re- 
action, and which is independent of the 
metal area. 

2. InJluence of the Dispersion of Palladium 

An intriguing question arises with dis- 
persed metals : Will deactivation depend 
on the metal area or size of the metallic 
particles? Previous results (6) favored the 
idea that cyclopentane hydrogenolysis on 
palladium is insensitive to metallic dis- 
persion in the absence of impurities. When 
using the parallel scheme we implicitly 
assume that hydrogenolysis and self-poison- 
ing are connected; it was therefore interest- 
ing to determine the influence of palladium 
dispersion on kd. 

The deactivation constant 

kd = k,.kW/(CA)2F~0 

was measured on a series of catalysts for 
which the palladium dispersion was varied 
from 28 to 100%. The results are reported 
in Table 3. 

The catalytic activity per surface pal- 
ladium atom or turnover number for 
hydrogenolysis is found to be rather 
constant as a function of the palladium 
dispersion. The rate constant of deactiv: 

TABLK 3 

Influence of the Dispersion of Palladium on the Deactivation Constjant and 
Turnover Number of Pd/AlzOa Catalysts at 290°C 

Cat.alyst, llispersion 

(%I 
ke ( lo7 mol. s-i . g-i 10Q.k.k Turnover 

of cat) Initial (kd = k..k) number for 
activity hydrogenolysis 

132 1.2 46 0.015 2.5 3.7 18 
186 1.0 28 0.018 1.5 2.7 21 
184 1.0 40 0.009 3.0 2.7 28 
176 1.0 80 0.005 5.3 2.7 24 
211 0.5 100 0.005 3.0 1.5 24 
215 0.5 95 0.006 3.3 2.0 26.5 

1703 1.0 80 0.002 7.0 1.4 33 
2201 0.25 100 0.007 2.3 1.6 33 
2202 0.25 90 0.0065 2.2 1.4 35 
1806 1.00 40 0.009 2.5 2.3 24 
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kd 
= ke* k 

(log) 

I I I I I I I I I 

290 
* 

4,o 643 830 10,o 

initial activity t2, 

(mol.s-‘.g~l Pd 1 

FIG. 3. Plot of le.. k against initial catalytic activity for a series of Pd/A1203 samples, at 290°C ; 
pressure of cyclopentane, 100 Torr; weight of sample, 50 mg. 

tion led which is proportional to k,.k is also 
constant to a first approximation, since 
the variation is small when the palladium 
dispersion is varied over a broad range. 

As activity is proportional to the pal- 
ladium area, we can plot the deactivation 
constant against activity for a series of 
catalysts. Figure 3 reports the results 
obtained in that procedure. The remark- 
able point is that a change in activity by a 
factor of 100 gives a twofold variation of 
Jcd. Moreover, a statistical distribution 
around a mean value is obtained. 

This supports the idea that deactivation 
does not depend on the palladium dis- 
persion. Deactivation and hydrogenolysis 
of cyclopentane are insensitive to particle 
size when this size, as measured by chemi- 
sorption or electron microscopy, is varied 
from 12 to more than 80 A. 

3. InJEuence of Sdjate Contamination 

It is known that sulfate contamination 
of platinum (14) and palladium (6) 

catalysts yields a selective poisoning of 
hydrogenolysis when the reduction is 
carried out at 400°C. This can be shown 
by an increase of the ratio of the activity 
for hydrogenation (Ai) to the activity for 
hydrogenolysis (AZ) on contaminated cata- 
lysts. By contrast, a reduction at 300°C 
yields a nonselective poisoning since both 
activities are suppressed in equal propor- 
tions. It was therefore interesting to 
investigate the influence of sulfur on de- 
activation. A drastic poisoning can change 
the form of the deactivation law since a 
linear decay of catalytic activity as a 
function of time can be observed at high 
sulfur levels. In order to compare different 
samples under similar conditions, we 
selected those experiments in which a 
homographic law is obeyed. The results 
are summarized in Table 4 in which 
chemical compositions, conditions of reduc- 
t,ion, and catalytic properties are reported. 

After reduction at 3OO”C, the deactiva- 
tion rate constants measured on sulfate- 
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TABLE 4 

Influence on Sulfate Contamination on Palladium Catalysts Reduced at 300 and 400°C on 
Specific Catalyt.ic Activities and Deactivation Rate Constanta 

Sample Chemical compo&ion Temperature Activity Activity A2 R = AI/AS Deactiva- 

(wt%) of reduction AI for for benzene tion rate 

(“C) cyclopentane at 140°C constant 
Pd 8 at 290°C 

2201 0.25 - 300 9.3 100 10.7 1.6 
184 1 - 400 3.0 28 9.4 2.7 
321 0.35 0.2 300 8.0 87 11 2.1 
311 0.35 0.1 300 6.7 90 13 1.3 
205 1 0.1 400 1.08 22 20 1.0 
202 1 0.1 400 0.85 20 24 1.0 
332 0.25 0.4 400 0.08 2.5 31 0.6 

a Catalytic activity expressed as moles per second per gram of Pd X 105; deactivation rate constant 
expressed as 109 k, .k for a sample size of 50 mg. 

contaminated samples are not significantly 
different from that of clean palladium 
catalysts. The selectivity ratios Al/AZ do 
not differ much either. 

After reduction at 400°C a lower value 
is obtained for sulfate-containing catalysts. 
Sulfur suppresses hydrogenolysis and stabi- 
lizes the catalytic activity. This is an 
indication that hydrogenolysis and deacti- 
vation are two parallel reactions, and a 
posteriori this gives a justification of the 
hypothesis adopted as a basis of the kinetic 
scheme. 

The decay of catalytic activity during 
the hydrogenolysis of cyclopentane on 
palladium catalysts can therefore be ana- 
lyzed using the mathematical model pro- 
posed by Levenspiel et al. @‘--4). The rate 
constant measured by this procedure does 
not change with palladium dispersion, and 
deactivation may be therefore considered 
as insensitive to the particle size of the 
metal. However, the rate constant is 
sensitive to poisoning, and this is consistent 
with the variations of catalytic activity 
observed in hydrogenolysis. 
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